We studied the effects of root zone temperature (RZT) and nutrient availability on free sterols and phospholipids in the plasma membrane (PM) and on PM-ATPase activity in roots of 1-year-old Scots pine (Pinus sylvestris L.) seedlings during growth initiation in the spring. Seedlings were grown for 6 weeks in hydroponic cultures with low (0.5 mM N; LN) or high (3 mM N; HN) nutrient availability. The root zone was subjected to slow warming (SW) and fast warming (FW) treatments while maintaining similar air temperatures in both treatments. Decreases in the amount of phospholipids and in the phospholipid/free sterol ratio, an increase in the degree of saturation of phospholipid fatty acids and changes in free sterol composition were observed during root growth initiation. Changes in lipid composition of the PM associated with the cold deacclimation process were detected at RZTs above 9°C. Nutrient availability affected the lipid composition of the PM only when RZT was increased slowly. When RZT increased from 4 to 6°C in the SW treatment, the degree of saturation of phospholipid fatty acids decreased, especially in HN seedlings. The sitosterol/stigmasterol ratio remained higher in HN seedlings than in LN seedlings. After an RZT of 9°C had been reached in the SW treatment, HN caused increases in the saturation of phospholipid fatty acids and root PM-ATPase activity, and a decrease in the phospholipid/free sterol ratio. Possible effects of changes in PM lipid composition on root growth and PM-ATPase activity are discussed.
Introduction
In boreal forests, trees are exposed to great variation in temperature during their annual growth cycle. In winter, the lipid structure of the plasma membrane (PM) undergoes changes that maintain fluidity and reduce or prevent freezing injury in the process known as cold acclimation (Levitt 1980 , Thompson 1984, Lynch and Steponkus 1987) . Changes in membrane lipid composition are reversed during cold deacclimation (Yoshida 1986 , Sutinen 1992 . The main classes of lipids in plant PMs are phospholipids and free sterols, which exist in proportions that vary among species and among tissues Uemura 1986, Rochester et al. 1987) . Phospholipids contain fatty acid chains, and it is the length and degree of saturation of these chains that determines the packing of the molecules in the lipid bilayer and hence the fluidity of the PM (Shinitzky 1984) . Sterols modulate the physical state of the lipid bilayer by restricting the motion of the fatty acid chains, thereby regulating the fluidity of the PM (Hartmann 1998) . During cold deacclimation, an increase in degree of saturation of phospholipid fatty acids has been observed in needles (Sutinen 1992) and roots (Ryyppö et al. 1994 (Ryyppö et al. , 1998 of extremely cold-hardy pine species. There is no information available on changes in the sterol composition of PMs of conifers in response to cold acclimation or deacclimation, although free sterols can represent a large proportion of the total lipids in the PM, particularly in roots (Larsson et al. 1990) .
The plasma membrane H + -ATPase (PM-ATPase) is an integral membrane protein responsible for ATP-driven transport of protons from inside to the outside of the PM, thus producing an electrogenic proton gradient (Michelet and Boutry 1995) . In roots, PM-ATPase provides energy for nutrient uptake, xylem loading and phloem unloading of solutes, and is involved in the regulation of intra-and extracellular pH and cell turgor (Palmgren 1998) . The involvement of PM-ATPase in cell elongation is based on its role in extracellular pH regulation (Rayle and Cleland 1992) . The lipid composition of the PM can modulate the activity of PM-ATPase, either by direct lipid-protein interaction or indirectly through the physical properties of the bulk lipid bilayer (Cooke and Burden 1990) . Phospholipids are needed for the activation of PM-ATPase (Kasamo and Nouchi 1987, Kasamo 1990 ). In addition to their polar head groups (Kasamo and Nouchi 1987, Palmgren and Sommarin 1989) , activation is dependent on the length and degree of saturation of the fatty acids in the phospholipid (Kasamo 1990) . Evidence for sterol modulation of PMATPase activity has been found in several plant species and tissues (Cooke et al. 1993 , Burgos and Donaire 1996 , Grandmougin-Ferjani et al. 1997 . Stigmasterol, in particular, has been found to stimulate the activity of PM-ATPase in roots (Grandmougin-Ferjani et al. 1997) .
Previously, we showed that rapid changes in PM-ATPase activity occur in Scots pine roots in spring (Ryyppö et al. 1994 , Iivonen et al. 1999 . These changes are temperature-dependent, with low root zone temperatures (RZTs) limiting gas exchange, root PM-ATPase activity and root growth of the seedlings (Ryyppö et al. 1994 , Iivonen et al. 1999 . During soil warming, recovery of gas exchange, root growth and PM-ATPase activity from the negative effects of long-term exposure to low RZT is accelerated by high nutrient availability (Iivonen et al. 1999) . This study tests the hypothesis that high nutrient availability promotes changes in lipid composition of root PM, thus enabling an increase in PM-ATPase activity. Specifically, we studied the effects of root zone warming and nutrient availability on the content of phospholipids and free sterols, the composition of free sterols and the degree of saturation of the phospholipid fatty acids in the root PM of Scots pine seedlings. Changes in lipid composition were compared with PM-ATPase activity of the roots and with previously published root growth data from the same seedlings (Iivonen et al. 1999 ).
Materials and methods

Plant material and experimental design
We studied 1-year-old Scots pine (Pinus sylvestris L.) seedlings grown in peat-filled paper pots at the nursery of the Suonenjoki Research Station. The seeds originated from a seed orchard in central Finland (62°05′ N, 26°10′ E) that had been established with seeds from sites located between 61°70′ Ν and 64°20′ N in Finland. In mid-October, the seedlings were transferred to cold storage and kept at -5°C over winter. At the beginning of April 1996, the seedlings were thawed in darkness at 4°C for 7 days. Thereafter, peat was removed from the roots by gentle washing with cold tap water, and 192 seedlings were randomly sampled as Day 0 samples. Altogether, 1152 seedlings were placed in 12 plastic containers (volume 40 dm 3 , 96 seedlings per container) filled with aerated nutrient solution containing a low concentration of nutrients (0.5 mM N) (Ingestad and Lund 1986) .
Seedlings were placed in a growth chamber (Weiss, type 10 Sp/5 DU-Pi, Lindenstruth, Germany). During the first 3 days in the growth chamber, both air and root temperatures were maintained at 4°C, and the seedlings were kept in continuous dim light of 125 µmol m -2 s -1 (photosynthetically active radiation (PAR)). The nutrient solutions were replenished and their concentrations kept constant during the following 6-week experiment. The experiment was conducted in a factorial manner. The containers were first grouped into two RZT treatments, slow warming (SW) and fast warming (FW), each having six containers. In the SW treatment, RZT increased from 4 to 18°C during Days 0-33, and remained at 18°C during Days 34-42. In the FW treatment, RZT increased from 4 to 18°C during Days 0-19, and remained at 18°C during Days 20-42 ( Figure 1A ). The containers were further divided according to the amount of nutrients supplied: high-nutrient (3 mM N; HN) and low-nutrient (0.5 mM N; LN) treatment regimes. The nutrient solutions (Ingestad and Lund 1986) contained nitrate and ammonium ions in the same proportion, 58 and 42% of total nitrogen, respectively. The concentrations of other nutrients were proportional to the nitrogen concentration. The mass proportions of macronutrients in the nutrient solutions were 100 N:60 K:18 P:6 Ca:6 Mg:9 S. The pH of the nutrient solutions was adjusted to 4.5-5.5 with 1 N NaOH or 1 N HCl. To maintain target nutrient concentrations, electrical conductivity and pH of the nutrient solutions were measured twice a week, and the nutrient solutions adjusted as necessary based on these measurements. Total nutrient solutions were changed once during the 6-week experiment.
The daily fluctuation in air temperature was similar in all treatments ( Figure 1B) . The RZTs were controlled by circulating the nutrient solution through cryostats (MGW, Lauda, Germany) and were measured daily with a digital thermometer (Sensotherm 100). Relative air humidity was 45 and 70% during the 20-h day and 4-h night, respectively. Air temperature and relative humidity in the chamber were continuously recorded by a thermohygrograph. Daily photoperiod was 20 h with a maximum photon flux density (PFD) of 450 µmol m 
Isolation of plasma membranes from roots
Roots for plasma membrane isolation were sampled on Days 0, 10, 16, 22, 30 and 42. Altogether, 16 seedlings were sampled systematically from each container and the roots excised. Roots from each container were pooled, frozen in liquid nitrogen and stored at -80 °C. Plasma membranes were isolated by a two-phase aqueous polymer technique (Widell 1987 ) that produces a highly purified plasma membrane fraction from Scots pine roots (Ryyppö et al. 1998) . About 30-40 g of frozen roots were ground with a pestle in a mortar filled with liquid nitrogen. The finely ground roots were thawed by stirring in 100 ml of ice-cold homogenizing buffer (Uemura and Yoshida 1983) containing 0.5 M sucrose, 75 mM 3-(N-morpholino)propanesulfonic acid (MOPS)-NaOH, 5 mM o,o′-bis(2-aminoethyl)ethyleneglycol-N,N,N′,N′-tetraacetic acid (EGTA), 1 mM phenylmethylsulfonyl fluoride (PMSF) in isopropanol, 2 mM salicyl hydroxamic acid, 2.5 mM sodium bisulphite, 1.5 % (w/v) polyvinyl pyrrolidone (PVP) (MW 24,000), 0.5 % (w/v) defatted bovine serum albumin (BSA) and 10 mg l -1 butylated hydroxyanisole (BHT), with the pH adjusted to 7.3. The ground roots in buffer were further homogenized with a Polytron PT 3000 homogenizer at 13,000 rpm for 3 × 20 s in an ice bath. To remove starch grains, nuclei, unbroken plastids and mitochondria, the homogenate was filtered twice through cheesecloth and centrifuged at 8500 g for 20 min at 4°C. The supernatant was centrifuged at 48,000 g for 2 h at 4°C to yield a pellet containing microsomal membranes. The pellet was resuspended in 10 ml of ice-cold sucrose-phosphate buffer (0.25 M sucrose in 10 mM K-phosphate buffer, 0.2 mM PMSF, 10 mg l -1 BHT and 1mM dithiothreitol (DTT), pH 7.3). The suspension (4.5 ml) was added to an aqueous two-phase mixture producing a 36-g two-phase system with a final composition of 5.7% Dextran T-500 (Pharmacia Biotech, Amersham Biosciences, Buckinghamshire, U.K.), 5.7% polyethylene glycol 3500, 0.3 M NaCl and 0.25 M sucrose-phosphate buffer. The phases were separated by centrifugation in a swing-out rotor at 1500 g for 15 min at 4°C. The separated upper phases were diluted with a phosphate-free buffer (0.53 M sucrose, 5 mM MOPS-NaOH, 1 mM EGTA, 10 mM KCl, 0.2 mM PMSF, 10 mg l -1 BHT and 1 mM DTT, pH 7.3) and centrifuged at 48,000 g for 2 h at 4°C. The resulting pellets were suspended in phosphate-free buffer and stored at -80°C.
Assay of PM-ATPase activity and determination of membrane proteins
Activity of PM-ATPase was measured at the actual RZT, as described by Ryyppö et al. (1994) but with slight modifications. The assay is based on colorimetric measurement of the amount of P i released from ATP hydrolysis (Hodges and Leonard 1974) . Activity was assayed in the presence of 5 mM NaN 3 , 100 mM KNO 3 and 0.1 mM (NH 4 ) 6 Mo 7 O 24 , and in the presence or absence of 100 mM NaVO 4 and 3 mM MgSO 4 . The detergent used was 0.1% Brij 58. The amount of membrane protein was estimated according to Bradford (1976) .
Lipid extraction
Total lipids were extracted from the plasma membrane fraction (0.5 mg membrane protein) by the method of Bligh and Dyer (1959) as described in Palta et al. (1993) . Total lipids were fractionated into neutral lipids and phospholipids on a silica gel column (Biosil A 100-200 mesh, Sigma, St. Louis, MO), which was prepared by packing 3 ml of silica in chloroform into a borosilicate glass pipette. The column was loaded with extracted lipids in 0.5 ml of chloroform and washed first with 10 ml of chloroform to remove neutral lipids and then with 10 ml of acetone to remove glycolipids. The phospholipids were eluted with 5 ml of 1:1 (v/v) chloroform:methanol and finally with 5 ml of methanol. The fractions containing neutral lipids and phospholipids were then dried in gaseous nitrogen at 32°C and resuspended in 1 ml of chloroform. Phospholipid samples in 1 ml of chloroform were divided into subsamples of 250 and 750 µl for quantification of phospholipids and analysis of fatty acids, respectively. The samples were stored at -20 °C until analyzed.
Analysis of phospholipids
Dried phospholipid fractions were hydrolyzed in 0.75 ml of 3.3 N H 2 SO 4 for 1.5 h at 150°C, followed by the addition of 20 µl of 30% H 2 O 2 and another incubation of 1.5 h at 150°C. Phospholipids were quantified spectrophotometrically by measuring the total P i content according to Fiske and Subbarow (1925) . The amount of phospholipids was calculated based on a conversion factor of 21.8, assuming an average molecular weight of 769 for phospholipids (Sailerova and Zwiazek 1993) .
For the fatty acid analysis, phospholipids were converted to methyl esters of fatty acids as described by Ryyppö et al. (1994) . First, 2 ml of 0.6 M NaOH in methanol was added to the dried sample. The sample was kept for 1.5 h at room temperature and then neutralized by adding 2 ml of 0.6 N HCl. The methyl esters of fatty acids were extracted twice with 2 ml of hexane and separated on a gas chromatograph (GC) (HRGC-5300, Carlo Erba Instruments, Milan, Italy) equipped with an SP-2330 column (Supelco, Bellefonte, PA), an integrator (C-R3A, Shimadzu, Japan) and a flame ionization detector (Shimadzu, Japan). The GC was programmed to raise the column temperature from 145 to 160°C at a rate of 5°C min -1 , remain at 160°C for 1 min and then raise the temperature from 160 to 170°C at 5°C min -1 . The injector and detector temperatures were 225 and 275°C, respectively. The identification of fatty acids was confirmed by co-chromatography with authentic standards.
GC-MS analysis of free sterols
Free sterols were analyzed by gas chromatography-mass spectroscopy (GC-MS) after conversion to trimethylsilyl derivatives. The neutral fraction containing free sterols was dried TREE PHYSIOLOGY ONLINE at http://heronpublishing.com TEMPERATURE AND NUTRIENT EFFECTS ON PLASMA MEMBRANE LIPIDSin gaseous nitrogen, and trimethylsilyl derivatives of free sterols were prepared by adding 0.4 ml of 21% (v/v) 1-trimethylsilyl-imidazole (Sigma) in pyridine. The samples were incubated overnight at room temperature. Cholesterol was undetectable in the PM samples, so it was used as an internal standard. Sterols were analyzed on an HP-6890 gas chromatograph (Hewlett Packard, Germany) equipped with a mass-selective detector (70 eV) (HP-5873, Hewlett Packard, USA). The trimethylsilyl ethers of sterols were separated on a 30-m-long, 250-µm internal diameter HP-5 column (Hewlett Packard, USA). The following conditions were maintained during the chromatographic run. Carrier gas: helium (flow 1.2 ml min -1 ); oven temperature: 200°C held for 2 min, increased to 280°C at the rate of 4°C min -1 and held at this temperature for 18 min; injector temperature: 280°C. The temperature of the MS detector was 230°C and that of the transfer line was 280°C. Sterols were identified by their retention times compared with authentic standards, and by their mass spectra obtained from a combined GC-MS analysis.
Statistical analysis
Effects of root zone warming rate and nutrient availability on the amount of free sterols and phospholipids, phospholipid/ free sterol ratio, composition of free sterols and PM-ATPase activity of the roots were evaluated by a three-way analysis of variance with temperature treatment, nutrient treatment and duration of the treatment as factors. Logarithmic and angular transformations of square roots of values were performed when necessary. The analyses were carried out with SYSTAT 5.0 (1992) for Windows.
Results
Root PM-ATPase activity
Root PM-ATPase activity was significantly affected by RZT treatment (P = 0.008) and by the duration of treatment (P < 0.001). The interaction between RZT treatment and duration of treatment was also significant (P = 0.002). In the SW treatment, root PM-ATPase activity was low at RZTs of 4-6°C (Figure 2A) . However, as the RZT increased, root PM-ATPase activity started to increase in seedlings in both nutrient treatments, but it was considerably higher in HN seedlings than in LN seedlings at RZTs of 15-18°C. In the FW treatment, root PM-ATPase activity increased with increasing RZT until an RZT of 16°C was reached ( Figure 2B ). Thereafter, root PM-ATPase activity of LN seedlings remained constant until the end of the experiment. During Days 22-30, root PMATPase activity was considerably higher in HN seedlings than in LN seedlings; however, root PM-ATPase activity of HN seedlings decreased rapidly at the end of the experiment (Figure 2B) .
Changes in plasma membrane proteins, phospholipids and free sterols
The amount of PM proteins was significantly affected by the duration of the treatment (P = 0.005), but not by the RZT or nutrient treatment. In the SW treatment, the amount of PM proteins fluctuated during the first 16 days when RZT increased from 4 to 6°C ( Figure 3A) . Then the amount of PM proteins increased and was higher than at the beginning of the experiment. In the FW treatment, the quantity of PM proteins increased slightly in both nutrient treatments when RZT increased ( Figure 3B ). When an RZT of 18°C was maintained for 8 days, the amount of PM proteins decreased in HN seedlings but not in LN seedlings.
The amount of phospholipids expressed on the basis of PM proteins decreased markedly, being only half of the initial value at the end of the experiment (P = 0.001), but the rate of the decrease was not significantly affected by nutrient treatment or by RZT treatment (Figures 4A and 4B ). The amount of total free sterols did not change in spring ( Figures 4C and  4D) ; however, because of the decrease in phospholipids, the phospholipid/free sterol ratio decreased significantly (P = 0.007) ( Figures 4E and 4F ) from about 1 at the beginning of the experiment to 0.5 or less by the end experiment.
Fatty acid saturation of phospholipids
The most abundant phospholipid fatty acids were C16:0 (20%), C16:1 (5-20%), C18:1 (10%), C18:2 (30-40%) and C18:3 (10-20%) (data not shown). Changes in the proportion of saturated fatty acids to unsaturated fatty acids were significantly affected by RZT treatment (P = 0.013). In the SW treatment, the ratio of saturated to unsaturated fatty acids decreased during the first 16 days when RZT was increasing from 4 to 6°C ( Figure 5A ). Thereafter, in LN seedlings, the ratio in- creased to the same value as at the beginning of the experiment, and remained at this value until the end of the experiment. In HN seedlings, the ratio of saturated fatty acids to unsaturated fatty acids increased rapidly after an RZT of 9°C had been reached. At the end of the experiment, the ratio was considerably higher in HN seedlings than in LN seedlings.
In the FW treatment, the ratio of saturated to unsaturated fatty acids increased slowly during the experiment, but did not differ significantly between the beginning and end of the experiment ( Figure 5B ).
Changes in the composition of free sterols
Over 80% of the total free sterols were sitosterol, and the proportions of stigmasterol and campesterol varied between 5 and TREE PHYSIOLOGY ONLINE at http://heronpublishing.com TEMPERATURE AND NUTRIENT EFFECTS ON PLASMA MEMBRANE LIPIDS 441 10% ( Figure 6 ). Of the total free sterols, the proportion of sitosterols decreased (P = 0.001), and the proportions of stigmasterol and campesterol increased slightly (P = 0.005 and P = 0.019, respectively) in spring. These changes were not significantly affected by RZT or nutrient treatment, but in the case of campesterols, there was an interaction between the duration of the treatment and RZT treatment (P = 0.020). In the SW treatment, the proportion of campesterols was kept constant until an RZT of 15°C had been reached, and thereafter the amount of campesterol increased in both nutrient treatments ( Figure 6E ). In the FW treatment, the proportion of campesterol increased early in the experiment but decreased to almost the original value at the end of the experiment (Figure 6F ). In the SW treatment, the decrease in the proportion of sitosterol and the corresponding increase in the proportion of stigmasterol were slower in HN seedlings than in LN seedlings ( Figures 6A and 6C ).
Discussion
The PM of Scots pine roots seemed to be relatively rigid because the phospholipid/free sterol and phospholipid/protein ratios (Duxbury et al. 1991 , Behzadipour et al. 1998 , Bohn et al. 2001 were already low at the beginning of the experiment, when RZT was only 4°C. The phospholipid/free sterol ratio varied between 0.5 and 1 during the experiment, which is comparable to values reported for PMs of maize (Zea mays L.) (Bohn et al. 2001) and barley (Hordeum vulgare L.) (Rochester et al. 1987) roots. The PM lipid composition differs remarkably among plant species (Larsson et al. 1990 , Burgos and Donaire 1996 , Bohn et al. 2001 ) and among organs of the same plant (Rochester et al. 1987) . Rochester et al. (1987) reported that the PMs of barley roots contain a higher free sterol content and a lower phospholipid/free sterol ratio than the PMs of leaf tissues. The amount of phospholipids and free sterols in relation to PM proteins was low in the PM of Scots pine roots. Similar lipid/protein ratios have been found in PMs of eastern white pine needles (Pinus strobus L.) (Rakowski et al. 1995) and in root PMs of several herbaceous plants (Sandstrom and Cleland 1989, Burgos and Donaire 1996) . When the RZT was increased slowly from 4 to 9°C (SW treatment), there were no significant changes in the amounts of phospholipids and free sterols. However, the ratio of saturated to unsaturated fatty acids of the phospholipids decreased, especially in HN seedlings. This was unexpected, because the degree of saturation of the phospholipid fatty acids has previously been found to increase with increasing RZT (Ryyppö et al. 1994 (Ryyppö et al. , 1998 . In general, decreased saturation of the phospholipid fatty acids indicates increased fluidity of the PM (Thompson 1984) .
The composition of free sterols also affects membrane properties (Hartmann 1998 ). In the SW treatment, as the RZT was increased slowly from 4 to 9°C, diverse changes in the proportions of sitosterol and stigmasterol led to a higher sitosterol/ stigmasterol ratio of free sterols in HN seedlings than in LN seedlings ( Figures 6G and 6H) . Variations in the sitosterol and stigmasterol proportions were small, raising the question of their physiological role. A similar effect of nitrogen on PM sterols was found in wheat roots, where a higher sitosterol/ stigmasterol ratio was found in PMs of control roots than in nitrogen-deprived roots (Carvajal et al. 1996) . Unlike stigmasterol and campesterol, sitosterol is an efficient sterol for restricting the motion of the phospholipid fatty acid chains (Hartmann 1998) . Because of its ordering ability, sitosterol reduces the fluidity and water permeability of the PM (Schuler et al. 1991 , Hartmann 1998 , whereas a decrease in saturation of fatty acids seems to increase the water permeability of the bulk lipid bilayer (Markhart et al. 1979 (Markhart et al. , 1980 . We suggest that a decrease in phospholipid fatty acid saturation together with a high sitosterol/stigmasterol ratio is necessary for efficient functioning of root PM in HN seedlings. An increase in sitosterol/stigmasterol ratio of free sterols and a decrease in phospholipid fatty acid saturation are associated with the metabolic adjustment of the PM to decreasing temperature during the cold acclimation process (Uemura and Yoshida 1984 , Yoshida 1984 , Palta et al. 1993 . Therefore, a decrease in phospholipid fatty acid saturation and an increase in sito- When an RZT of 9°C was exceeded and warming of the root zone continued in the SW treatment, a decrease in phospholipids was observed with no significant changes in free sterols. The decrease in phospholipid/free sterol ratio occurred faster in HN seedlings than in LN seedlings. Furthermore, the degree of saturation of phospholipid fatty acids increased rapidly in HN seedlings, but not in LN seedlings. A decrease in the phospholipid/sterol ratio and an increase in fatty acid saturation have been reported to contribute to a reduction in bilayer fluidity (Thompson 1984 , Duxbury et al. 1991 and have been associated with the cold deacclimation process of extremely cold-hardy tissues (Yoshida 1986 , Sutinen 1992 . Our results indicate that the cold deacclimation process in root PM occurred only after the RZT had increased above 9°C and was accelerated by a high supply of nutrients.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com TEMPERATURE AND NUTRIENT EFFECTS ON PLASMA MEMBRANE LIPIDS 443 We also found that the proportion of sitosterols decreased, whereas the proportion of stigmasterol and campesterol increased similarly in both nutrient treatments during cold deacclimation. The decrease in sitosterols and the corresponding increase in campesterols and stigmasterols are opposite effects to those occurring during cold acclimation (Uemura and Yoshida 1984 , Lynch and Steponkus 1987 , Palta et al. 1993 , indicating that these changes are related to the metabolic adjustment of PMs to increasing RZT. Growth and PM-ATPase activity of Scots pine roots are dependent on RZT during growth initiation in spring (Vapaavuori et al. 1992 , Ryyppö et al. 1998 , Iivonen et al. 1999 , Iivonen and Vapaavuori 2002 . According to our earlier study (Iivonen et al. 1999) , root growth of Scots pine seedlings in the SW treatment was promoted by high nutrient availability when the RZT exceeded 13°C. In the SW treatment, the faster increase in PM-ATPase activity and root growth (Iivonen et al. 1999) in HN seedlings than in LN seedlings at RZTs above 9°C may be explained by a more rapid adjustment of the PM lipid composition to increasing RZT. This assumption is supported by an earlier finding (Kasamo 1990) showing that PM-ATPase activity is inhibited further when the degree of saturation of the fatty acids is decreased.
When RZT was increased rapidly (FW treatment), a decrease in phospholipid/free sterol ratio was found with no differences between nutrient treatments and, at the same time, the ratio of saturated to unsaturated fatty acids of phospholipids increased slightly, although not significantly, in both nutrient treatments. These changes, although associated with the cold deacclimation process, were not faster in the FW treatment than in the SW treatment as we had predicted. Such temperature insensitivity may be a result of the different developmental stages of roots in the SW and FW treatments. Because we did not separate current-year roots from older roots, the isolated lipids comprised a mixture of PM lipids from roots at different stages of development. Root growth started earlier in the FW treatment than in the SW treatment, and thus the proportion of current roots in the total root biomass was about 7 times higher on Day 28 in the FW treatment than in the SW treatment (data not shown). Age-related changes in the PM lipid composition of roots are poorly characterized. In hypocotyl PMs of mung bean seedlings, the content of phospholipids is higher in young tissues than in old tissues (Stalleart and Geuns 1994) . We observed a slow decrease in phospholipid content in the FW treatment that could be partly explained by developmental changes: the higher content of phospholipids in current roots than in older roots may have masked changes associated with metabolic adjustment to increasing RZT. Differences in temporal development of campesterol between the SW and FW treatments may be a result of developmental regulation of free sterols. Travis and Berkowitz (1980) reported that the proportion of campesterol decreases during root development, which might explain the similar amounts of campesterol in the FW treatment at the beginning and end of the experiment.
In the FW treatment, root PM-ATPase activity increased in parallel with increasing RZT to 18°C with no differences between nutrient treatments. On Day 30, higher root PM-ATPase activity in HN seedlings reflected the higher total biomass production of these seedlings compared with LN seedlings (Iivonen et al. 1999) . At the end of the experiment, root PM-ATPase activity of HN seedlings decreased rapidly, partly because of the decrease in PM proteins. Because PM-ATPase activity on a protein basis also decreased (Iivonen et al. 1999) , the decrease in PM-ATPase activity was probably caused by a reduced demand for nutrients for growth. In the FW treatment, no dependence of PM-ATPase activity on PM lipid composition was observed, which may imply that, at higher RZTs, PM-ATPase activity is either regulated by other factors or the influence of the lipid composition is small and thus difficult to detect. The independence of root PM-ATPase activity on bulk lipid composition of PM has been demonstrated earlier for herbaceous plants (White et al. 1990, Burgos and Donaire 1996) . Because of the lateral heterogeneity of the PM, changes in bulk lipid composition do not necessarily reflect events in the lipids surrounding the enzyme or in the lipid-enzyme interaction, which may be crucial for PM-ATPase activity (Cooke and Burden 1990) .
In conclusion, the PM lipid composition of Scots pine roots was affected by nutrient availability under low RZT conditions that suppressed root growth (Iivonen et al. 1999 ) and root PM-ATPase activity. After long-term exposure to low RZTs, a decrease in phospholipid fatty acid saturation and an increase in sitosterol/stigmasterol ratio occurred in HN seedlings that may limit the negative effects of low RZT. Changes in PM lipid composition associated with the deacclimation process were observed at RZTs above 9°C. Of these changes, the decrease in phospholipid/free sterol ratio and the increase in degree of saturation of phospholipid fatty acids were enhanced under conditions of high nutrient availability, which may explain the accelerated recovery of root growth and PM-ATPase activity in response to high nutrient availability after longterm exposure to suboptimal RZTs.
